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Abstract
Manganites have been attracted considerable attention due to some intriguing magnetic properties, such as magne-
toresistance, spin glass behavior and superparamagnetism. In recent years, some studies point to the effect of particle
size and dimensionality of these compounds in their magnetic features. Particularly, LaCaMnO material research is
well explored concerning the bulk material. To overcome the lack of the information we successfully produced ad-
vanced nanostructures of La0.6Ca0.4MnO3 manganites, namely nanotubes and nanoparticles by using a sol-gel modi-
fied method, to determine the size particle effect on the magnetism. The manganites crystal structure, magnetic and
magnetocaloric properties were studied in a broad temperature range. Transmission electron microscopy revealed
nanoparticles with sizes from 45 up to 223 nm, depending on the calcination temperature. It was found that the mag-
netic and magnetocaloric properties can be optimized by tuning the particle size; for instance, the magnetic transition
broadening by decreasing the particle size. We report the relative cooling power (RCP) of these samples; it was found
that the best RCP was observed for the 223 nm particle (508 J/Kg). Finally, this work contributes to the research on
the magnetic properties and magnetocaloric potentials in nanostructured systems with distinct morphologies.
Keywords:
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1. Introduction
Nowadays, the synthesis of nanomaterials with multifunctional properties is a field of intense activity, especially
regarding to technological innovation and development of new materials. One of the most important motivations
to perform the synthesis of nanostructured systems is related to its physical and chemical properties, which may be
very distinct from the observed in conventional bulk systems [1]. Such differences can be related to surface effects,
since nanostructured systems have a considerable surface/volume grain ratio, much higher than the bulk counterpart,
causing a large difference in the electronic and magnetic properties [2].
The remarkable physical features that these materials exhibit can lead to application fields related to nanomedicine,
biomagnetic sensors development, catalysis processes, data storage, logical and nanoelectronic devices and magnetic
refrigeration [3, 4, 5, 6, 7, 8], just to mention some examples. In this way, is therefore necessary to discover and to
understand the mechanisms that control the observed effects on the physical properties of these materials.
From the point of view of magnetic properties, if the size of the particle has nano dimensions, the material can
display curious and intriguing behaviors, such as spin glass, superparamagnetism, large coercivities and changes in
saturation magnetization and Curie temperature [9, 10, 11, 12]. The paramagnetic-ferromagnetic phase transition can
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change from first to second order with the reduction of dimensionality. Consequently, this behavior is directly related
to changes in the magnetocaloric effect of the material and the temperature range where the magnetic entropy change
occurs tends to become broader with the reduction of the particle size [8, 13, 14, 15, 16, 17, 18]. Such behavior is
desirable for the development of magnetic refrigeration systems that can operate in a wide temperature range. From
several magnetic materials in nanoscale, manganites are the most promising due to the easy preparation, relatively
low cost and remarkable magnetic features [1, 14, 17, 18].
Based on the features pointed above, the aim of this paper is to investigate the magnetic and magnetocaloric
properties of the La0.6Ca0.4MnO3 nanostructured manganite in distinct morphologies (nanoparticles and nanotubes).
The structures were determined using powder X-ray diffraction and the morphology was identified by transmission
electron microscopy. From magnetic measurements we evaluated the potential applications of these nanostructures
based in their magnetocaloric properties.
2. Experimental Details
Sol-gel method (Pechini) was used to prepare nanotubes and nanoparticle samples. It was used analytical grade
lanthanum nitrate (La(NO3)36H2O), calcium carbonate (CaCO3) and manganese acetate (Mn(CH3COO)24H2O) weight-
ed accurately; the reactants were dissolved into nitric and citric acid solution in deionized water. The obtained mixture
was mixed to obtain a clear solution with molar ratio of La:Ca:Mn=0.6:0.4:1. A suitable amount of polyethylene gly-
col was added to the solution as polymerizing agent. In order to evaporate the excess of solvents and to promote
polymerization, the solution was submitted to 343 K for 6 h and then a yellow transparent viscous solution was ob-
tained. The solution was separated in four parts and each part was calcinated at 973 K, 1073 K, 1173 K e 1273 K for
10 h and a final black La0.6Ca0.4MnO3 powder was obtained for all temperatures.
Nanotubes of the synthesized material were obtained from the pore wetting technique [19, 20]: alumina mem-
branes with 200 nm of diameter were immersed in the remained solution early described and kept for 2 h in vacuum.
The membranes filled with the material were dried and submitted to calcination for 8 h at 973 K. The final diameters
of the nanotubes are determined by the size of the membranes pores used as template.
X-ray powder diffraction data were obtained at UFF at room temperature, using a Bruker AXS D8 Advance
diffractometer with Cu-Kα radiation (λ = 1.54056 Å), 40 kV and 40 mA. Data were collected in the 15o < 2θ < 85o
range in a Bragg-Brentano geometry, with a step size of 0.02o and a counting time of 0.1 s per step. To confirm the
formation of the nanotubes, transmission electron microscopy technique (TEM), held at CBPF, was performed using
a Jeol 2100F microscope with an acceleration voltage of 200 kV. For this analysis the samples were diluted in alcohol.
Electron tomography was obtained in the TEM to determine the nanotube dimensions. The sample was tilted from
±60o with increments of 1o. Damage related to irradiation was not observed. The alignment and reconstruction of the
3D volume were obtained using IMOD software (University of Colorado, USA). ImageJ software was used for the
visualization of the 3D volume (National Institutes of Health, USA). Magnetic measurements were carried out using
a commercial Superconducting Quantum Interference Device (SQUID) at Unicamp.
3. Crystal structure and morphology
X-ray diffractograms of the nanotubes and nanopowders submitted to several calcination temperatures confirmed
the formation of a pure La0.6Ca0.4MnO3 crystalline phase, showing the characteristic peaks of the compound as can
be seen in Fig. 1. The system presents a perovskite structure at room temperature and pressure, belonging to the
space group Pnma in an orthorhombic crystal system [21]. Powder X-ray diffraction data were refined by the Rietveld
method. The convergence factors and structure parameters obtained from the Rietveld analysis are summarized in the
Table 1 and point to the good quality of the refinement.
In order to confirm the average grain size, we used Transmission Electron Microscopy (TEM) whose obtained
images are shown in Fig. 2. We also show in the same figure the histograms of the grain diameter frequencies
for each sample, with values obtained from TEM images. The average grain size D on Table 1 indicates that the
method was successful in the achievement of nanostructured samples, with a smaller particle size obtained with the
smaller calcination temperature, as expected [22]. The average grain size increases from 45 nm to 223 nm with the
increasing of the calcination temperature for the nanoparticles. TEM images also show that the nanoparticles exhibit
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Figure 1: Powder X-ray diffraction patterns La0.6Ca0.4MnO3 nanotubes and nanoparticles. The refined profile of the nanoparticle synthesized at
973 K is shown at the bottom.
a spherical morphology and that are slightly connected to each other. The nanotubes walls are constituted by a set
of connected nanoparticles, with average grain size of 23 nm [8]. From Fig. 2(f) is apparent the granular aspect of
the nanotubes formed by nanoparticles. The histograms in the insets of Fig. 2 exhibit the average grain size for the
isolated nanoparticles calcinated at 973, 1073, 1173 and 1273 K and the nanoparticles that constitute the wall of the
nanotubes. Electron tomography was obtained in the TEM and are show in the Fig. 3 to estimate the diameter of the
nanotubes and the wall thickness. The figures show two sections of the 3D volume in the XY (Fig. 3A) and YZ (Fig.
3B) plane. From these images the wall thickness (10 nm) and diameter (280 nm) of the nanotube were estimated.
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Table 1: Refined crystallographic data, reliability factors and average grain size D for La0.6Ca0.4MnO3 nanoparticles.
Parameter Samples
973 K 1073 K 1173 K 1273 K Nanotubes
a (Å) 5.4669 5.4657 5.4594 5.4542 5.4845
b (Å) 7.6716 7.6800 7.6826 7.6802 7.7092
c (Å) 5.4349 5.4412 5.4411 5.4396 5.4225
Rp (%) 3.61 3.80 2.76 4.20 2.01
Rwp (%) 4.78 4.87 3.61 5.52 2.55
Rexp (%) 2.79 3.51 2.56 2.89 0.93
χ2 1.71 1.39 1.41 1.91 2.74
D(nm) 45 ± 14 70 ± 18 122 ± 20 223 ± 78 23 ± 8
4. Magnetic and Magnetocaloric properties
Fig. 4 presents the magnetization curves as a function of temperature at zero field cooled (ZFC) and field cooled
(FC) under an external magnetic field of 200 Oe, for all samples. Due to the distinct morphology of the samples
(nanopowder and nanotubes), it is expected distinct magnetic behaviors for each sample, as observed. We found
a large irreversibility ∆M at 4 K between the ZFC and the FC magnetization for all samples. Fig. 5 shows the
∆M change with maximum value for the 45 nm nanoparticle and decreases as the nanoparticles size increases. The
nanotubes (not shown in Fig. 5) presented the lowest irreversibility in the M(T ) curves. However, it is not possible
to make an accurate comparison between ∆M values for the nanotubes and the nanoparticles, since that besides the
nanoparticles forming the nanotubes presented the lowest size, they are grouped in a distinct way of the other powder
nanoparticles. In this way, the nanoparticles interact in distinct ways when distributed in powder and when assembled
to form the nanotubes, with distinct mechanisms and anisotropy effects regulating the magnetic features of both
systems, showing a strong correlation between the structure dimensionality and magnetic features [8, 23].
The magnetization curves are strongly dependent on the particle size. For the bulk sample, it is known that
the magnetic transition temperature is reported around TC = 260 K, with M(T ) presenting an almost temperature
independent behavior up to TC; and above this value it drops to zero [24, 25]. Concerning the nanoparticles, a
sharp ferro-paramagnetic transition is observed for the sample with 223 nm, but decreasing the nanoparticle size
this transition broadens. At room temperature, the powder nanoparticles show paramagnetic behavior and exhibit a
ferromagnetic transition at Curie temperature (TC) at 258 K (45 nm), 269 K (70 nm), 272 K (122 nm) and 270 K (223
nm), where TC was defined as the temperature where the derivative dM/dT reaches a minimum value. The reduction
in the Curie temperature with decreasing of particle size is usually attributed to finite size effects, due to atomic defects
at the surface, leading to disorder in nanocrystalline systems [15].
Below TC , the magnetization increases in a different fashion, depending on particle size. These curves have
a hyperbolic-like shape, as already observed in La0.6Sr0.4MnO3 nanoparticles [17]. Concerning the nanotubes, it
was not possible to see the magnetic transition in the investigated temperature range. For all cases, the maximum
value of magnetization is lower than the complete magnetization of the bulk material. This behaviour was observed
for several manganites nanoparticles and can be explained by the presence of the well-known phenomenon of the
magnetic dead layer [8, 15, 26, 27], where the spins are practically paramagnetic, and located in the nanoparticle
shell. The core behaves as the bulk material, whereas the shell behaves like a disordered magnetic system, whose
magnetization may be considered to be zero in the absence of magnetic field, as in ordinary paramagnetic systems
[27]. The nanoparticle is composed of two different parts: a core, where double exchange interaction dominates and
promotes ferromagnetic behavior; and an external part (shell), composed by a layer where magnetic interactions are
clearly modified by defects, vacancies, stress, and broke bonds, directing to a disordered magnetic state. In this way,
Hueso and co-authors [28], for example, argues that the inner core always retains the intrinsic first-order magnetic
transition of the bulk compound, while the disordered shell is more likely to undergo a second-order transition, from
the disordered state into the paramagnetic. The composition of the magnetic features of core and shell hides the
presence of the first-order magnetic transition. In this way, the overall result in the smallest particles is a broadened
second-order transition, although both contribution should be present at the same time. Other authors, however, claim
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that the magnetization decreasing in nanosystems can be explained by a simple model where the nanoparticle contains
a ferromagnetic core wrapped by a ferrimagnetic shell [17].
Magnetization isotherms in the 160-320 K temperature range with ∆T = 10 K at magnetic fields up to 50 kOe are
shown on Figure 6. The isotherms corresponding to TC are highlighted in red for each sample. As can be seen, the
isotherms present a very similar shape for all samples, with magnetization increasing with nanoparticle size and very
close to reach the saturation at 160 K. The isotherms for the nanotubes present a very small value of magnetization
when compared to the nanoparticles magnetization.
The physical quantities that measure the magnetocaloric potential are the magnetic entropy change ∆S and the
adiabatic temperature change ∆T . The former can be evaluated by using the measurement of initial isothermal magne-
tization versus magnetic field at several temperatures, while the latter is measured by the adiabatic change of temper-
ature under the application of a magnetic field. Most commonly, the first method is preferred to avoid the difficulties
of adiabatic measurements. In this way, magnetic entropy change is more common to be found in the literature, since
it is only needed to know the magnetization map, i.e. M(T, H) to obtain ∆S . Using M vs. H isothermal curves it is
possible to calculate ∆S accordingly to [29]:
∆S (T,∆H) =
∫ H
0
(
∂M(T, H)
∂T
)
H
dH. (1)
The magnetization isotherms around TC were used to determine the magnetocaloric effect from the entropy change
∆S . The calculated values of ∆S for ∆H = 10, 20, 30, 40 and 50 kOe are shown in Fig. 7. It is possible to note broad
∆S curves with peaks around Curie temperature, which typically occurs in systems undergoing second-order phase
transitions [30]. As can be seen from these new figures, the magnetic entropy increase with magnetic field increasing
for all samples, with the curves becoming narrower around TC with nanoparticle size increasing. Lu and Pekala
suggests that the decay of MCE with particle size is related to the increasing surface/volume ratio in nanoparticles
enhancing structural and magnetic disorder and reflecting in the decrease in magnetic order fluctuation around the
ferro-paramagnetic transition [2, 14]. The magnetic entropy change presents a maximum value of 8.3 J/kg.K around
TC for the 223 nm particle, and tends to decrease by decreasing the particle size. The reduction in the magnetic
interactions and in the maximum entropy change may be attributed to several effects related to surface, size, formation
of defects, increment of cationic vacancies, and broken bonds on the particles surface. However, it is also important
to notice that ∆S decreasing is commonly accompanied by a broadening in the ∆S curve. To make a reasonable
comparison between the results in the present work and the literature, the table 2 shows the magnetic features of
nanoparticles and nanotubes formed by LaCa manganite nanoparticles.
From the results of the magnetic entropy change, it was determined the relative cooling power (RCP), a parameter
used to evaluate the refrigeration capacity of a magnetic refrigerant [30]. The RCP value is obtained from
RCP = |∆S T,max| × δTFWHM (2)
where |∆S T,max| is the absolute value of the maximum magnetic entropy change and δTFWHM = T2 − T1 is the
temperature difference at the full width at half maximum (FWHM). RCP measures the heat amount to be transferred
between T1 and T2 by a magnetic refrigerant material in an ideal cycle [30]. The calculated values can be seen as a
function of D for several magnetic fields up to 50 kOe in the Fig. 8. It is possible to notice that this value changes from
508 J/kg for the 223 nm particle to 40 J/kg for the nanotubes at 50 kOe, which indicates that the RCP of nanoparticles
decreases by decreasing the particle size, but they still possess a larger cooling power than the nanotubes of the same
compound, due to the broadening of the magnetic transition observed in these samples. In this way, it is important to
notice that the reduced maximum value of ∆S observed for nanosystems is often accompanied by a broad magnetic
entropy change.
5. Conclusions
Nanoparticles and nanotubes of La0.6Ca0.4MnO3 manganites were produced by a modified sol-gel method. Struc-
ture and morphologies were investigated by powder DRX and TEM techniques, which showed that the nanoparticles
change their size with calcination temperature from an average size of 45 nm at 973 K to 223 nm at 1273 K and the
nanoparticles assembled to form the nanotubes present an average diameter of 23 nm. Magnetization measurements
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Table 2: Particle Diameter (D), magnetic transition temperature (TC), maximum entropy change ∆S max, and relative cooling power (RCP) or refrig-
erant capacity* (RC) of nanopowder (NP) and nanotubes (NT) formed by LaCa manganites nanoparticles. Bulk La0.6Ca0.4MnO3 and Gadolinium
were included for sake of comparison.
Sample D (nm) TC (K) ∆S max (J/kg.K) RCP (J/kg) Reference
La0.5Ca0.5MnO3 (NP) 8.3 245 0.75 (2 T) 93 [14]
La0.6Ca0.4MnO3 (NT) 23 - 0.3 (5 T) 40 this work
La0.6Ca0.4MnO3 (NP) 45 258 2.3 (5 T) 228 this work
La0.6Ca0.4MnO3 (NP) 70 269 3.5 (5 T) 251 this work
La0.6Ca0.4MnO3 (NP) 122 272 5.8 (5 T) 374 this work
La0.6Ca0.4MnO3 (NP) 223 270 8.3 (5 T) 508 this work
La0.6Ca0.4MnO3 (bulk) - 264 5.5 (5 T) 139 [24]
La0.67Ca0.33MnO3 (NT) 28 258 - - [8]
La0.7Ca0.3MnO3 (NP) 15 241 2.6 (5 T) 160* [15]
La0.7Ca0.3MnO3 (NP) 33 260 4.9 (5 T) 150* [15]
La0.7Ca0.3MnO3 (NT) - 236 1.9 (5 T) 108* [16]
La0.8Ca0.2MnO3 17 234 0.6 (4.5 T) 150 [13]
La0.8Ca0.2MnO3 28 214 4.5 (4.5 T) 350 [13]
La0.8Ca0.2MnO3 43 236 8.6 (4.5 T) 200 [13]
Gd (bulk) - 293 9.4 (5 T) 690 [30]
revealed a hyperbolic-like behavior for these nanostructures, with magnetic transitions between 258 and 272 K, tun-
able accordingly nanoparticle size. The ferro-paramagnetic phase transition is modified from first order, as seen in
bulk systems, to second order to nanoparticles; but the sample with larger size (223 nm) exhibited a regular magnetic
behavior, similar to the bulk sample. Consequently, the magnetocaloric effect (MCE) is modified by changes on the
magnetic properties of the samples. The observed temperature interval of the magnetic entropy change broadens when
the particle size is reduced to nanometers. In this way, the magnetocaloric effect is strongly particle size dependent and
optimized at larger sizes. The relative cooling power (RCP), used to evaluate the refrigeration capacity of a magnetic
systems, has its best value for the 223 nm particle. Indeed, the RCP values of LaCa manganites are smaller than that
of pure Gd metal, however these manganites have a relatively low cost when compared to Gd, with ease of fabrication
and a tunable TC according to chemical composition.
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Figure 2: TEM images of nanoparticles synthesized at (a) 973 K, (b) 1073 K, (c) 1173 K, (d) 1273 K and (e) nanotubes (at 973 K). In (f) it was
obtained an image in high resolution mode to verify the features of the nanoparticles that constitutes the wall of the nanotubes. The histograms for
each sample are also shown, where the corresponding values are estimated particle sizes.
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Figure 3: Electron tomography and 3D reconstruction of a nanotube. XY (A) and YZ (B) section of the 3D volume.
Figure 4: Magnetization ZFC and FC as function of temperature at 200 Oe for all samples.
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Figure 5: Magnetization change between ZFC and FC regimes at 4 K as a function of the particle diameter D.
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Figure 6: Magnetization isotherms for magnetic fields up to 50 kOe. The isotherms corresponding to TC are highlighted in red for each sample.
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Figure 7: Entropy change ∆S for several magnetic fields up to 50 kOe around Curie temperature for all samples.
Figure 8: Relative Cooling Power (RCP) as a function of particle size D for several magnetic fields up to 50 kOe. Horizontal error bars were
omitted for clarity.
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